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We revisit the status of hybrid inflation in the light of Planck and recent BICEP2 results, taking
care of possible transient violations of the slow-roll conditions as the field passes from the large
field to the vacuum dominated phase. The usual regime where observable scales exit the Hubble
radius in the vacuum dominated phase predicts a blue scalar spectrum, which is ruled out. But
whereas assuming slow-roll one expects this regime to be generic, by solving the exact dynamics we
identify the parameter space for which the small field phase is naturally avoided due to slow-roll
violations at the end of the large field phase. When the number of e-folds generated at small field is
negligible, the model predictions are degenerated with those of a quadratic potential. There exists
also a transitory case for which the small field phase is sufficiently long to affect importantly the
observable predictions. Interestingly, in this case the spectral index and the tensor to scalar ratio
agree respectively with the best fit of Planck and BICEP2. This results in a ∆χ2 ≃ 5.0 in favor of
hybrid inflation for Planck+BICEP2 (∆χ2 ≃ 0.9 for Planck only). The last considered regime is
when the critical point at which inflation ends is located in the large field phase. It is constrained to
be lower than about ten times the reduced Planck mass. The analysis has been conducted with the
use of Markov-Chain-Monte-Carlo bayesian method, in a reheating consistent way, and we present
the posterior probability distributions for all the model parameters.
PACS numbers: 98.80.Cq
I. INTRODUCTION
The inflationary paradigm provides an explanation
to the horizon, flatness and monopole problems of the
standard hot Big-Bang cosmological scenario, as well
as a mechanism to generate Gaussian and nearly scale-
invariant density perturbations from quantum fluctua-
tions of one (or more than one) scalar field(s) during
inflation. Besides theoretical motivations, strong obser-
vational evidences are consistent with a primordial phase
of quasi exponentially accelerated expansion. The ampli-
tude As and the spectral index ns of the power spectrum
of primordial density perturbations have been measured
with accuracy by experiments probing the Cosmic Mi-
crowave Background (CMB) temperature anisotropies,
such as the Planck spacecraft [1, 2], the Atacama Cos-
mology Telescope [3] and the South Pole Telescope [4],
giving As = 2.196
+0.051
−0.06 × 10−9 and ns = 0.9603± 0.0073
in agreement with many inflation models [5]. A strong
bound have also been established on the level of lo-
cal primordial non-Gaussianities, f locNL = 2.7 ± 5.8 [6].
Very recently the B-mode polarization of the CMB on
large scales has been measured by BICEP2 [7]. The
signal might be attributed to the gravitational waves
produced during inflation1, with a tensor to scalar ra-
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1 Note that galactic dust could contribute more importantly to the
signal than initially expected, and therefore future observations
will be required to affirm the discovery of primordial gravitational
waves [7–9]
tio r = 0.20+0.07−0.05 that favors super-planckian excursions
of the inflaton field and points towards an energy scale
associated to inflation close to the Grand-Unified energy.
In more than twenty years, hundreds of inflationary
models and regimes have been proposed (for a recent
review of single-field models, see [10]). Among them
the class of hybrid models is particularly interesting
because they can be embedded in various high energy
frameworks like supersymmetry [11–17] and supergrav-
ity [18, 19], Grand-Unified-Theory (GUT) [20–23], extra-
dimensions [24, 25] and string theory [26–31]. The com-
mon characteristics of hybrid models is that the field po-
tential owns a nearly flat valley along which inflation
can occur and that inflation ends with a spontaneous
symmetry breaking when the field potential develops a
tachyonic instability in the direction of an extra auxil-
iary field. During the so-called final waterfall phase the
classical field trajectories evolve towards one of the global
minima of the potential, whereas in a realistic scenario a
phase of tachyonic preheating is triggered [32–34] when
the tachyonic mass becomes larger than the Hubble rate.
Usually the waterfall phase is assumed to be nearly
instantaneous (lasting less than about one e-fold of ex-
pansion), but there exists also a generic mild waterfall
regime lasting for more than 60 e-folds [35]. In this case
the observable perturbation modes exit the Hubble ra-
dius during the waterfall, changing the observable predic-
tions of the model [35–40], and topological defects that
are formed at the critical instability point of the poten-
tial can be conveniently stretched outside the observable
Universe by the subsequent phase of inflation.
In the original version of the hybrid model [41, 42], ob-
servable perturbation modes exit the Hubble horizon dur-
ing the false-vacuum dominated phase at small field val-
2ues, which is very efficient to generate many e-folds of ex-
pansion. This is translated in the primordial scalar power
spectrum by a slightly blue tilt, ruled out by Planck at
more than 5σ [1, 2]. In its most well-known supersym-
metric realizations, the F-term and D-term hybrid mod-
els [11, 12], the scalar spectral index takes values between
0.98 . ns . 1 [43–46] which are disfavored by CMB ob-
servations, apart in a tuned region of the parameter space
when a soft SUSY-breaking term is included to the field
potential [46].
The status of hybrid models became even worse with
the detection of B-mode polarization by BICEP2. If
the signal is attributed to gravitational waves from in-
flation, it implies super-planckian field excursions, which
is banned in many hybrid scenarios because supergrav-
ity corrections spoil the flatness of the potential at field
values larger than the reduced Planck mass. Corrections
may also arise in kinetic terms [47], but it’s hard to deal
with them. Nevertheless in a non-supersymmetric sce-
nario the quantum gravity corrections can be controlled
as long as the energy density and the mass remains sub-
planckian [48]. Another alternative is that the potential
is protected by gauge symmetries (see e.g. gauge inflation
models [49–51]).
The large field regime of the original hybrid model is
rather less unexplored than small field hybrid models,
mostly because it is often thought that the efficient fi-
nal vacuum dominated phase cannot be avoided. This
is without considering possible slow-roll violations at the
transition between the two regimes. They can prevent
field trajectories to reach the slow-roll attractor at small
field values if a simple condition on one of the potential
parameters is satisfied [52]. In this case the predictions
of the original hybrid potential are expected to be similar
to the power-law large field model. An other potentially
interesting situation is when the critical instability point
is located at super-planckian field values.
In this paper, we consider the original hybrid potential
in the regime of large field values. We integrate the exact
field and expansion dynamics, without assuming slow-roll
at the background level, and determine the model obser-
vational predictions on the scalar and tensor power spec-
tra in each regime. Then we use a Markov-Chain-Monte-
Carlo (MCMC) method to explore the model parameter
space and derive posterior probability distributions. For
the first time we obtain reheating consistant cosmological
constraints on potential parameters based on the Planck
and BICEP2 data. We give a particular attention to the
transitory regime, for which we predict a spectral index
and a tensor to scalar ratio respectively close to best fits
of Planck and BICEP2. Finally, we compare the best fit
of the hybrid model to the one of the usual quadratic
potential. Note that our analysis differs from the one of
Ref. [53] where an additional phase of inflation is added
to modify the observational predictions. It is similar but
goes beyond the work of Ref. [54] since the effect of slow-
roll violations is fully considered.
The paper is organized as follows: in Sec. II the single-
field dynamics as well as the model observational predic-
tions at first order in slow-roll expansion are introduced.
The hybrid model is presented in Sec. III, taking care
to identify all the possible regimes at large field values.
In Sec. IV we determine reheating consistent model con-
straints based on Planck and BIEP2 data, with the use
of a MCMC analysis. We conclude and discuss the per-
spectives of our results in Sec. V.
II. SINGLE-FIELD DYNAMICS
A. Background
Assuming that the Universe was filled by a homoge-
neous scalar field φ, the Friedman-Lemaitre and Klein-
Gordon equations describe the expansion and scalar field
dynamics,
H2 =
1
3M2pl
[
φ˙2
2
+ V (φ)
]
, (1)
a¨
a
=
1
3M2pl
[
−φ˙2 + V (φ)
]
, (2)
φ¨+ 3Hφ˙+
∂V
∂φ
= 0 , (3)
where a is the scale factor, H the Hubble rate, Mpl ≡
mpl/
√
8π the reduced Planck mass, V (φ) is the scalar
field potential and where a dot denotes the derivative
with respect to the cosmic time t. The slow-roll approxi-
mation consists in neglecting the kinetic terms in Eqs. (1)
and (2) as well as the second time derivatives of the field
in Eq. (3). Since we are interested by transient slow-roll
violations the exact dynamics have been integrated nu-
merically. It is compared to the slow-roll approximation
in Sec. III. Using the number of e-fold N ≡ ln a/ai as the
time variable, those equations can be rewritten as
H2 =
V (φ)
3− 12
(
dφ
dN
)2 , (4)
1
H
dH
dN
= −1
2
(
dφ
dN
)2
, (5)
1
3− 12
(
dφ
dN
)2 d2φdN2 + dφdN = −d lnVdφ . (6)
In this form, the field dynamics does not depend on the
Hubble rate. It is then usual to introduce the Hubble
flow functions, also referred as slow-roll parameters,
ǫ1 ≡ − H˙
H2
=
1
2
(
dφ
dN
)2
≃ M
2
pl
2
(
V,φ
V
)2
, (7)
ǫ2 ≡ d ln ǫ1
dN
≃ 2M2pl
[(
V,φ
V
)2
− V,φφ
V
]
, (8)
ǫi>2 ≡ d ln |ǫi−1|
dN
, (9)
3where the approximate expressions are obtained under
the slow-roll approximation, valid as long as ǫ1 and ǫ2
are much smaller than one.
B. Linear Perturbations
Measuring the temperature anisotropies and the B-
mode polarization of the CMB gives access to the sta-
tistical properties of the primordial curvature perturba-
tions ζ and tensor perturbations h. These properties are
encoded in the n-point correlation functions. The two-
point correlation function is the integral of the adimen-
sional power spectrum P(k) over the logarithm of the
wavenumbers. By solving the perturbed Einstein equa-
tions at second order in terms of slow-roll parameters,
and assuming the initial states to be the Bunch-Davis
vacuum, analytical expressions for the scalar and tensor
perturbation power spectra can be derived [55]. Expand-
ing these spectra around a chosen pivot scale k∗ (usually
k∗ = 0.05 Mpc
−1), one gets for scalar perturbations
Pζ,h(k) = Pζ0,h0 ×
[
a0 + a1 ln
(
k
k∗
)]
, (10)
with
Pζ0 =
H2∗
8π2M2plǫ1∗
, (11)
and where the star subscript denotes quantities evaluated
at the time t∗ when the scale k∗ exits the Hubble horizon,
k∗ = a(t∗)H(t∗). To first order, the coefficients of the
expansion read
a
(s)
0 = 1− 2(C + 1)ǫ1∗ − Cǫ2∗ +O(ǫ2) (12)
a
(s)
1 = −2ǫ1∗ − ǫ2∗ +O(ǫ2) (13)
a
(t)
0 = 1− 2(C + 1)ǫ1∗ +O(ǫ2) (14)
a
(t)
1 = −2ǫ1∗ +O(ǫ2), (15)
with C ≡ γE + ln 2 − 2, γE being the Euler constant. In
this notation, As can thus be identified to P0a(s)0 .
At leading order, the power spectrum of tensor pertur-
bations is given by
Ph0 =
2H2∗
π2M2pl
. (16)
which gives a tensor to scalar ratio
r ≡ Ph0Pζ0
= 16ǫ∗1, (17)
The scalar spectral index is defined as
ns − 1 ≡ d lnPζ(k)
d ln k
. (18)
At first order in slow-roll parameters, this gives
ns = 1− 2ǫ1∗ − ǫ2∗, (19)
and therefore one can relate the shape of the scalar and
tensor power spectra to the background dynamics at the
time when the pivot scale exits the Hubble horizon, i.e.
about N∗ ∼ 60 e-folds before the end of of inflation. In
Sec. III, those relations are applied to the hybrid poten-
tial to derive the model observable predictions.
C. Reheating
The physical size of the pivot mode as it crosses the
horizon can be written as
k∗
a∗
=
k∗
a0
a0
aend
aend
a∗
. (20)
k∗/a0 is the physical size of the pivot scale now. The evo-
lution after inflation is contained in a0/aend. The whole
relation can be conveniently parametrised by
k∗
a∗
=
k∗
a0
(
ρend
ργ0
)1/4
R−1rad
aend
a∗
. (21)
The new parameter Rrad is equal to 1 in the case of in-
stantaneous reheating after inflation. Otherwise it is re-
lated to the mean equation of state parameter w¯reh dur-
ing the reheating era and to the reheating energy ρreh
through [56]
lnRrad =
1− 3w¯reh
12(1 + w¯reh)
ln
(
ρreh
ρend
)
. (22)
The reheating parameter plays an important role in fixing
N∗, the number of e-fold realized between t∗ and the
end of inflation. It is then convenient to introduce the
reheating parameter R ≡ Rradρ1/4end/Mpl, so that one has
k∗
a∗
=
k∗
a0
(
Mpl
ρ
1/4
γ0
)
ρ
1/2
endR
−1eN∗ , (23)
which makes N∗ invariant under a rescaling of the scalar
field potential. In Sec. IV the reheating Rrad parame-
ter has been included within the Markov-Chain-Monte-
Carlo analysis in order to derive reheating consistant con-
straints on the large field hybrid model.
III. HYBRID MODEL
A. Field Potential
The original two-field hybrid potential reads [41, 42]
V (φ, ψ) = Λ4
[(
1− ψ
2
M2
)2
+
φ2
µ2
+
2φ2ψ2
φ2cM
2
]
. (24)
4It owns a nearly flat valley in the direction ψ = 0 along
which inflation occurs, with the effective single-field po-
tential
V (φ) = Λ4
(
1 +
φ2
µ2
)
. (25)
When the inflaton reaches the critical value φc, the po-
tential develops a tachyonic instability forcing the fields
to reach one of the global minima of the potential, at
(φ, ψ) = (0,±M). In the following, we do not assume a
specific high-energy framework and consider the possibil-
ity to have inflation at field values larger than the Planck
scale.
The inflationary valley can be reached from field val-
ues exterior to it without any important fine-tuning, as
shown in Refs [52, 57–60]. Along the valley, the dynam-
ics can be decomposed in two phases: i) at large field
values φ > µ, when the potential is of quadratic form,
and ii) at small field values φ < µ when the potential is
dominated by the false vacuum term. At the end of in-
flation, the waterfall phase takes place and we assume it
to be nearly instantaneous throughout the paper, except
in Sec. III B 4 where the case of a mild waterfall at large
field values is discussed briefly.
Finally the parameter Λ fixes the energy scale of in-
flation. It only influences the e-fold time N∗ and has no
impact on the background field dynamics. That makes
a 4-dim parameter space, to which will be added stan-
dard cosmological parameters and nuisance parameters
in Sec. IV.
Along the valley, the Hubble-flow parameters in the
slow-roll approximation are given by
ǫSR1 =
2M2pl
φ2
µ2
µ2
(
1 + φ
2
µ2
)2 , (26a)
ǫSR2 =
4M2pl
(
−1 + φ2µ2
)
µ2
(
1 + φ
2
µ2
)2 . (26b)
They are represented on Fig. 1 and Fig. 2 for differ-
ent values of the µ parameter. In the vacuum domi-
nated regime, inflation stops at the critical point φc be-
low which the potential develops the tachyonic instabil-
ity. Since ǫ1 ≪ 1 and ǫ2 < 0, a blue spectrum of scalar
perturbation is expected. In the large field regime, one
gets ǫ1 ≃ 2M2pl/φ2 and ǫ2 ≃ 4M2pl/φ2 as for the mas-
sive potential, and thus the spectral index is red. How-
ever, assuming the slow-roll dynamics is valid, the vac-
uum dominated phase is so efficient in terms of e-folds
generation (N ≫ 60 generically) that observable scales
necesseraly exit the horizon during this phase. But in
the case where µ . 1.6Mpl, the slow-roll conditions are
not satisfied during the transition between the large field
and the vacuum dominated phase, and it has been shown
that in such a case the kinetic energy acquired by the
the inflaton field prevents inflation from taking place in
the small field regime [52]. Another possibility is that
the critical point is located at large field values. In both
cases, Hubble exit of observable scales occurs in the large
field phase, which generates a red spectrum possibly in
agreement with observations. Those regimes are studied
in details in the next section.
B. Large Field Regimes
1. Chaotic-like: φc < µ≪ φ∗ and µ < Mpl
The first considered regime is the one similar to chaotic
inflation with a quadratic potential. Inflation terminates
at the end of the large field phase and is not triggered
back afterwards. It is important to emphasize that this
possibility exists only due to the effect of slow-roll viola-
tions during and after the transitory phase between large
field and small field values: when the slow-roll is strongly
violated at the transition close to φ = µ, trajectories gain
sufficient velocities to prevent them to reach back the
slow-roll attractor at small field values [52]. This effect
is not trivial since the slow-roll dynamics is violated at
small field values whereas the slow-roll conditions are ap-
parently satisfied (ǫSR1 ≪ 1 and ǫSR2 ≪ 1) and one has to
integrate for the exact dynamics to put this in evidence.
Assuming slow-roll at small field values, one would ob-
tain that the large field phase lies outside the range of
observable modes. But in reality, instead of stopping at
the critical instability point after an efficient small field
phase, inflation stops when the first Hubble flow param-
eter ǫ1 reaches unity at the end of the large field phase.
Fig. 1 shows the value of ǫ1 as a function of φ, for two
representative values of µ (µ = 0.4Mpl and µ = 0.7Mpl)
both with and without using the slow-roll approxima-
tion. When µ is smaller than some threshold value, ǫ1
does not decrease below one at small field and inflation
is not triggered again, contrarily to what is expected in
the slow-roll approximation with ǫ1 decreasing down to
tiny values. Fig. 2 shows the evolution of ǫ2 in a simi-
lar fashion. Here again we find an important difference
between slow-roll value and exact values. The influence
of µ on this effect is shown on Fig. 3 with the number
of e-fold of expansion after the maximum of ǫ1 plotted
against µ. Below µ = µthr ∼ 1.6Mpl, only a reduced
number of e-folds are realized, and for µ . 0.8Mpl it is
marginal (lower than unity). In the latter case, the small
field phase does not affect significantly the observable
predictions, which corresponds to the chaotic-like regime
of hybrid inflation.
For the derivation of the observable predictions, the
slow-roll approximation can be used up to the point
where ǫ1 = 1, corresponding to a final field value
φend ≃
√
2
2
Mpl
(
1 +
√
1−
√
2µ2
M2pl
)
. (27)
In the limit µ≪Mpl, one recovers the expected value for
5a quadratic potential φend ≃
√
2Mpl. Note that the exact
value can differ significantly from this slow-roll value, but
this only has an non-significant effect on the value of φ∗.
By integrating the slow-roll equation
dφ
dN
= −M2pl
d lnV
dφ
, (28)
one obtains
µ2
2M2pl
[
ln
φend
φ∗
+
1
2µ2
(φ2end − φ2∗)
]
= N(φ∗)−Nend.
(29)
which can be inverted to get the field value φ∗ at the
time of Hubble crossing of the pivot scale k∗. It is then
straightforward to calculate the scalar power spectrum
amplitude and spectral index as well as the tensor to
scalar ratio with the use of Eqs. (19) and (17). In the
limit µ≪Mpl, one finds
φ∗ ≃ 2Mpl
√
N∗ +
1
2
≃ 15.5Mpl , (30)
ǫ1∗ ≃ 1
2N∗ + 1
≃ 0.00826 , ǫ2∗ ≃ 2ǫ1∗ ≃ 0.0165 , (31)
ns ≃ 1− 4
2N∗ + 1
≃ 0.967, r ≃ 16
2N∗ + 1
≃ 0.132. (32)
Those values degenerated with the predictions for a
quadratic potential are obtained assuming N∗ = 60 and
are in agreement with both Planck and BICEP2 data.
The chaotic-like regime corresponds to the bottom left
part of Figs. 5 and 6 where the scalar spectral index and
the tensor to scalar ratio are represented in the plane
(log10 µ, log10 φc) using the exact background dynamics.
2. Transitory: φc < µ ∼ φ∗ and µ ∼Mpl
The second considered regime is the transitory case
where µ is close to the threshold value µthr below which
slow-roll violations prevent the last 60 e-folds of inflation
to occur in the small field phase. As shown on Fig. 3
between O(1) and O(60) e-fold can be realized in the
vacuum dominated phase (small field values). Neverthe-
less, observable scales still exit the Hubble radius dur-
ing the large field phase. It results that ǫ1∗ and ǫ2∗ take
larger values than in the previous chaotic-like regime, de-
pending on the duration of the vacuum dominated phase.
Therefore the scalar spectral index is lowered and can
accommodate the best fit of Planck at ns = 0.961. Si-
multaneously the tensor to scalar ratio is enhanced and
can accommodate the central value of BICEP2 r = 0.20.
This regime is thus favored by CMB data compared to
the case of a quadratic potential, even if both models
have parameter space within the 2σ confidence level, as-
suming N∗ = 60.
On Figs. 5 and 6 the predictions for the spectral index
and the tensor to scalar ratio are displayed, using the
exact background dynamics and assuming N∗ = 60. The
0
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FIG. 1: Evolution of the first Hubble-flow parameter ǫ1 as
a function of φ/µ, computed by solving the full dynamics or
using the slow-roll approximation. The full dynamics solution
differs greatly from the slow-roll solution at small values of
µ. The kinetic energy acquired at the transition between the
large field and the vacuum dominated phase prevents inflation
to take place at small field values.
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FIG. 2: Evolution of the second Hubble-flow parameter ǫ2
as a function of φ/µ, computed by solving the full dynamics
or using the slow-roll approximation. As in Fig. 1 the full
dynamics differs from the slow-roll approximation for small
values of µ, leading to different observable predictions.
figure shows how the observable predictions change when
varying the parameters µ and φc that fixes the end of
inflation. For φc ≪ Mpl, the spectral index is close to
the best fit of Planck when µ ∼ 2− 3Mpl, as well as in a
very thin band at µ ≃ 4Mpl. Increasing φc up to φc ∼ µ,
one gets that the best fit is obtained at 3Mpl < µ < 5Mpl.
This is expected since the increase of φc tends to reduce
the number of e-folds generated in the vacuum dominated
phase, larger values of µ thus being necessary to make
60
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FIG. 3: Number of e-fold produced after reaching the max-
imum of ǫ1 as a function of µ. Below the threshold value
µthr ∼ 1.6Mpl, only a few e-folds are realized at small field
values in contradiction with slow-roll predictions.
this phase more efficient.
Finally, note that the transition between the transitory
regime and the usual small field regime where all the rele-
vant e-folds are realized in the vacuum dominated phase
(and predicting a blue scalar power spectrum excluded
by observations) is found to be very abrupt.
3. Large critical field value: µ < φc < φ∗
In this third regime, the critical instability point φc
below which field trajectories are destabilized is located
at in the large field phase, so that the conditions µ < φc
and φend = φc >
√
2Mpl are satisfied.
The slow-roll approximation is valid prior to the crit-
ical point, and thus Eq. (29) can be used to derive the
corresponding observable predictions. It can be inverted
to find φ∗ in terms of the the principal branch of the
Lambert function W0(z),
φ2∗ = µ
2W0
(
φ2end
µ2
e
φ2
end
+4N∗
µ2
)
. (33)
In the limit µ≪ φc, one has
φ2∗ ≃ φ2c + 4N∗M2pl (34)
which gives
ns ≃ 1−
8M2pl
φ2c + 4N∗M
2
pl
(35)
and
r ≃ 32M
2
pl
φ2c + 4N∗M
2
pl
(36)
independent of the value of the parameter µ. Values of
φc larger than the planck mass therefore correspond to
spectral index values closer to unity, reducing the agree-
ment with observations. On Fig. 4 we have plotted φ∗,
ns and r as a function of φend for several values of the
parameter µ and assuming N∗ = 60. Note that those
analytical results are in agreement with numerical ones,
displayed on Figs. 5 and 6 (right part of the plot).
As shown in Fig. 5, values of φc & 10Mpl are excluded
by Planck at more than 2σ level. Therefore hybrid infla-
tion in the regime of large critical field show important
deviations compared to the observable predictions of the
chaotic large field regime, and Planck data constrain the
critical value that must be at maximum of the order of
the Planck mass.
4. Mild waterfall: φ∗ < φc and Mµ & M
2
pl
Finally, it is important to mention that a mild water-
fall phase is possible after crossing the instability point.
In this case the last 60 e-folds of inflation can be realized
during the waterfall, as first shown in Ref. [35]. This
possibility and the resulting modifications of the observ-
able predictions have been studied in details in Refs. [35–
38, 40] for sub-planckian field values and in Ref. [39] for
super-planckian fields. Below we briefly comment on the
large field case.
A condition for the waterfall to be mild is that µM &
M2pl. In order to calculate the corresponding observable
predictions, one has to solve the multi-field dynamics
both at the background and linear perturbation levels, or
to use of the δN formalism. The latter option has been
implemented numerically in Ref. [39] and regions where
the spectral index is in agreement with observations have
been found. In the generic case where ψ∗ ≪ M , a large
level of non-gaussianity can be produced with
fNL ≈
10M2pl
3M2
, (37)
which is now ruled out by Planck if the parameter M
is lower than the Planck mass. It is nevertheless pos-
sible to find parameters for which the spectral index is
close to the Planck best fit and producing a negligible
amount of non-Gaussianity. We did not explore further
this regime that requires the implementation of the multi-
field dynamics and the δN formalism, and we leave for a
future work the complete statistical analysis of the super-
planckian mild waterfall case.
IV. MODEL CONSTRAINTS
In this section we derive updated constraints on the
hybrid model parameter space by performing a Markov-
Chain-Monte-Carlo Bayesian statistical analysis. For
this purpose we use a modified version of the COSMOMC
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FIG. 4: φ∗ (top) and corresponding ns (central) and r (bot-
tom) plotted as a function of φend = φc using Eq. 33, for
µ = 1Mpl (blue), µ = 5Mpl (red), µ = 10Mpl (yellow) and
µ = 15Mpl (green), assuming N∗ = 60. The horizontal dotted
lines in the central and bottom panels represent respectively
the 2σ regions of Planck and BICEP2. The dotted line in the
top panel is obtained by using the approximation of Eq. 34.
numerical package [61]. In Bayesian inference the poste-
rior probability of model parameters λi given some data
D (assuming that the model is the true one) are given by
Bayes’ theorem
p(λi|D) = p(D|λi)π(λi)∫
dλip(D|λi)π(λi) , (38)
where π(λi) is the prior probability distribution for the
parameter λi, and where the denominator is a normalisa-
tion factor called the Bayesian evidence. For the purpose
of constraining model parameters the Bayesian evidence
can be ommitted.
A. Priors
The choice of the prior can play a crucial role. In the
case of the hybrid model, there is no a priori informa-
tion on how small compared to the Planck scale can be
the position of the critical instability point φc, the false-
vacuum Λ, and the slope along the valley described by
the parameter µ. The magnitude of the reheating pa-
rameter R is also not a priori known. As a consequence
we have considered Jeffrey’s priors on these parameters,
which is an uniform prior on a logarithmic scale. Note
that an alternative choice of parameter is the scalar field
mass m =
√
Λ/µ, which remains small compared to the
Planck scale. But it is straightforward to derive the pos-
terior probability of m (assuming a Jeffrey’s prior) from
Λ and µ posteriors by using importance sampling.
Looking at Eq. (11) one sees that Λ and µ both con-
tribute to the scalar spectrum amplitude, which is tightly
constrained by Planck. So there is a high level of degen-
eracy between Λ and µ, and the sampling method will
loose a lot of efficiency if it probes these two parameters.
As noticed in Ref. [5] it is more convenient to replace
Λ by the scalar spectrum amplitude with a logarithmic
flat prior. In our analysis, Λ is thus a derived parameter
together with the energy density at the end of inflation
ρend. One could also derive the reheating energy ρreh as-
suming a mean equation of state parameter w¯. However,
in the case of hybrid inflation, reheating does not pro-
ceed with coherent field oscillations but with a phase of
tachyonic preheating. Deriving w¯ therefore requires the
use of lattice simulations, which is beyond the scope of
this paper.
Regarding the ranges of the parameters, µ cannot take
arbitrary large values because at some point quantum
stochastic effects are expected to dominate over the clas-
sical dynamics [62, 63]. But for µ &Mpl inflation occurs
in the vacuum dominated phase and the scalar power
spectrum is blue, which is ruled out by observations. As
a consequence the contribution to the Bayesian evidence
of this part of the parameter space will be negligible.
At the opposite, tiny values of µ give the same observa-
tional predictions than a quadratic potential and there
is no need to extend the range to values much smaller
than the Planck mass. We chose to probe log10 µ (from
now µ and φc are given in reduced Planck mass units to
lighten the notation) within the range (−2, 1.2), so that
the entire transitory regime is probed.
When φc is much larger than the Planck mass, the
spectral index is too low for being acceptable, and thus
the posterior probability is expected to be negligible. The
considered range for log10 φcis (−8, 2), the upper bound
being fixed so that all the region compatible with obser-
vations is included. The lower bound is arbitrary. We
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have checked that below this value the observable pre-
dictions are independent of φc.
For the reheating parameter lnR, we have followed
Ref. [5] and consider the range (-46,15), fixed so that
it encompasses all the possible reheating histories with
a reheating energy that cannot be lower than the BBN
scale. For lnAs and other cosmological parameters
(Ωbh
2, Ωch
2, τ , θ) we have considered the default bounds
in COSMOMC , as well as for the 14 nuisance parameters of
Planck.
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B. Sampling method
We have modified COSMOMC so that the primordial
power spectra are calculated using our external code
for integrating the exact homogeneous dynamics and
derive the spectral index and tensor to scalar ratio.
We thus include in COSMOMC the additional parameters
log10 φc, log10 µ and lnR, as well as the derived parame-
ters ns, r, ρend and Λ.
The parameter space to probe is therefore 22nd dimen-
sional. Posterior probabilities of hybrid model parame-
ters are marginalized over the 18 other cosmological and
nuisance parameters. Because of the high-dimensionality
of the parameter space, the sampling method must be
such that the Markov chains must converge rapidly to
optimize the computational time cost. Therefore our ex-
ternal code is called only when at least one of the four
model parameters is changed. This is of importance when
the fast-slow and fast dragging options are used instead of
a simple vanilla Metropolis-Hastings algorithm. This effi-
cient sampling method has been proposed and described
in Ref. [61]. In a few words, two types of parameters (fast
and slow) are considered, depending on how much it is
computationally expansive to derived the likelihood when
they are changed. In addition, a fast dragging method is
implemented, which decorrelate some parameters by ro-
tating the sampling directions. All together, this makes
an important reduction of the computational cost com-
pared to a standard Metropolis-Hastings algorithm. Fi-
11
nally, note that the MCMC temperature has to be ad-
justed in order to optimize the sampling rate of the fast
and slow parameter spaces.
C. Statistical analysis results
The Bayesian analysis has been conducted for
Planck+BAO+BICEP2 data, as well as for Planck+BAO
only. The one-dimensional and two-dimensional
marginalized posterior probability density distributions
for our model parameters log10 µ, log10 φc, lnAs and
lnR are displayed on Fig. 7. Posterior probabilities for
the standard cosmological parameters are identical to the
Planck analysis of a Λ-CDM model with ns, r and lnAs
as primordial spectra parameters. This is expected given
that our code derives ns and r for each set of hybrid
model parameters. The marginalized probabilities for the
derived parameters r, ns and ρend are displayed on Fig. 8
We find that marginalized probabilities in the plane
(log10 µ, log10 φc) are consistent with what was expected
from Fig. 5 and Fig. 6. The likelihood is higher in the re-
gion corresponding to the transitory regime, and the best
fit values given in Tab. I are located in this region. For
Planck+BICEP2+BAO data, the best fit corresponds to
a ∆χ2 ≃ 5.1 in favor of hybrid inflation compared to the
quadratic potential, with parameter values µ = 0.54Mpl,
φc = 6.4 × 10−4Mpl, lnR = −5. Note however that
the likelihood is reasonably flat in a rather wide region
of the parameter space, which makes difficult to identify
the best fit value.
The 1σ and 2σ intervals are reported in Tab. I. For
Planck+BICEP2+BAOwe find that log10 µ < 0.72 at 2σ
level. Above this value, the hybrid model corresponds to
the usual picture of inflation in the vacuum dominated
phase with a blue spectrum. There is no lower bound on
φc. Interestingly when BICEP2 data are included, the
reheating parameter is constrained to be lnR > −34. At
the same time, the energy density at the end of inflation
has a maximum likelihood at ρend ∼ 6×1015GeV, close to
the GUT scale. The energy scale of inflation lies within
the range 4.3 × 1015GeV < ρ1/4end < 1.8 × 1016GeV at 2σ
level.
The chaotic regime remains within the 1σ bound,
whereas for the large critical field regime we find that
log10 φc < 1.5 at 2σ confidence level. This bound is larger
than what is expected from Fig. 4 with N∗ = 60, but it
is obtained after marginalization over lnR, which allows
N∗ (and corresponding φ∗) to take lower values.
Finally we have displayed in Fig. 9 the spectral
index and the tensor to scalar ratio in the plane
(log10 µ, log10 φc) for 3000 points of the Markov chains.
This figure illustrates that in the large critical field regime
the spectral index is enhanced whereas the tensor to
scalar ratio decreases. It show also a few points at larger
values of µ corresponding to the small field regime that
generates a spectral index larger than unity.
Those results therefore confirm the analysis of the pre-
vious section for a fixed value of N∗ and give new con-
straints on the model parameters.
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FIG. 9: Distribution of 3000 points within the Markov chains
in the plane (log10 µ, log10 φc). In the upper panel, the color
scale represents the corresponding spectral index value, in the
lower panel it represents the corresponding tensor to scalar
ratio.
V. CONCLUSION
In the light of experimental results from Planck and
BICEP2 experiments, we have re-analyzed the status of
the original hybrid model for values of the field above the
Planck scale. Compared to previous analyses [5, 64], we
have included the effect of slow-roll violations between
the large field and the vacuum dominated phases. Using
the exact background dynamics, we have identified three
regimes of interests, with different observable predictions.
Then we have performed a Bayesian statistical analysis of
the model parameter space and derived new constraints
on the parameters.
A first regime of interest is the Large critical instability
point regime (φc > µ and φc & Mpl). Inflation ends at
12
Parameter Best-fit Mean 1σ range 2σ range
log10 µ -0.27 -0.18 [ *, 0.045] [*, *]
log10 φc -2.9 -2.7 [-4.6, 1.4 ] [*, 1.20 ]
lnR -8.4 -8.0 [-17, *] [-32,*]
log10 ρend -10.5 -10 [-11, -9.5] [-11, -8.3]
ns 0.962 0.963 [0.949, 0.977] [0.929, 0.995]
r 0.151 0.155 [0.09, 0.20] [0.03, 0.30]
log10 µ -0.24 -0.21 [ *, 0.021] [*, 0.72]
log10 φc -3.2 -2.5 [-4.0, 1.5 ] [*, 1.5 ]
lnR -5.00 -10 [-17, *] [-34, *]
log10 ρend -10.5 -10 [-11, -8.9] [-11, -8.4]
ns 0.965 0.962 [0.950, 0.975] [0.930, 0.991]
r 0.139 0.158 [0.10, 0.20] [0.04, 0.29]
TABLE I: Best fit, mean likelihood and 1σ and 2σ intervals for
hybrid model parameters (in units of reduced Planck mass),
for Planck+BAO (upper part) and Planck+BAO+BICEP2
(lower part). An asterisk denotes bounds not better than the
prior limits.
super-Planckian field values with a nearly instantaneous
tachyonic instability, where the potential in the direction
of the inflationary valley is dominated by the quadratic
term. The observable predictions differ from the massive
single field model, with a spectral index closer to unity
and a lower tensor to scalar ratio. The regime remains
nevertheless within the 2σ confidence level of Planck and
Planck+BICEP2 at the condition that φc . 10Mpl.
In the second Chaotic-like regime (φc < µ ≪ µth ≃
1.6Mpl), the slow-roll is violated at the end of the large
field phase and the field gains sufficient kinetic energy to
overpass the vacuum dominated phase without reaching
back the slow-roll attractor. This non-trivial effect im-
plies that the last 60 e-folds of inflation are realized in
the large field phase, where the potential is dominated
by the quadratic term. Therefore the observable pre-
dictions cannot be distinguished from the massive single
field model.
The best statistical agreement with experimental data
is found in the third Transitory regime (φc < µ . µth).
In this case, due to transient slow-roll violations, several
e-folds (typical between one and ten) are produced in
the vacuum dominated phase but observable modes still
leave the Hubble radius at large field values. Compared
to a massive single field model, the spectral index takes
lower values and the tensor to scalar ratio is enhanced.
The best-fit to Planck data is found to be µ ∼ 0.5Mpl.
The statistical analysis predicts a ∆χ2 ≃ 5.0 in favor of
hybrid inflation for the combined analysis of Planck and
BICEP2 and ∆χ2 ≃ 0.9 for Planck only.
Our analysis therefore demonstrates that the original
hybrid model can lead to a red spectrum in agreement
with the most recent observations, whereas in the com-
mon picture assuming slow-roll many e-folds of inflation
occur generically in the small field phase, leading to a
blue spectrum. It can be noticed that in the transitory
regime parameters predicting a spectral index close to
Planck best fit generate simultaneously a tensor to scalar
ratio close to the central value observed by BICEP2. Fi-
nally, note that future experiments such as COrE [65] or
PIXIE [66] will have the ability to distinguish between
the three regimes identified above. The transitory regime
could also lead to an observable level of CMB distor-
tions [67].
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